In many earlier studies, argon-steel flows in ladle shrouds have been mathematically modeled via the discrete phase modelling (DPM) approach assuming a bubbly liquid flow. Similarly, in several physicals model investigations, oversimplified shroud-collector plate nozzle geometry, having little or no similarity with the actual, has been considered. To assess these critically, industrial teeming practices, from ladle to tundish, have been reviewed and experimental results derived from two, full scale, PERSPEX models of ladle shroud presented. It is shown that bubbly flow in shroud is encountered only at very low gas-liquid loading ratio (i.e., Q g /Q l -0.02 or so), much smaller than those typically practiced in the industry. Simplification of shroud geometry and consideration of direct injection of gas onto a falling liquid are undesirable as these distort results from physical model investigations.
Introduction
In physical and mathematical modelling studies of steelmaking tundish systems, 1, 2) argon -steel flows in ladle shrouds and their consequent influence on tundish process performance has been largely ignored. In numerous studies, [1] [2] [3] [4] melt flow in shrouds has largely been assumed to be homogeneous, while in practice, argon-molten steel flow simultaneously in shroud, enter tundish as a mixture, exerting influence on the metallurgical performance of steelmaking tundish system. More recent studies [5] [6] [7] [8] [9] have recognised inherent limitations of earlier formulations and considered combined "shroud-tundish" domain to predict two phase, gas-liquid flows in the integrated geometry.
In practically all the recent hydrodynamic modelling studies of ladle shroud, bubbly liquid flow has been assumed [5] [6] [7] [8] [9] and discrete phase modelling (DPM) approach adopted to investigate the associated two-phase, gas-liquid flow phenomena. Similarly, in physical modelling studies, exact shroud geometry has rarely been incorporated and instead, horizontal injection of gas, impinging directly on to a falling liquid jet, which is in direct contrast to practice, considered. While such efforts are noteworthy, assumption of bubbly liquid flow in shroud at all flow rates as well as over simplification of shroud geometry, as will be demonstrated subsequently, are unwarranted as these tend to limit validity of physical and mathematical modelling studies.
The purpose of the present note consequently is to critically review relevant previous work vis a vis industrial teeming practices and to provide some useful insights of the two phase, gas-liquid flows in ladle shrouds. Towards these, experimental results derived from two, full scale, water model shroud systems (viz., a bloom and a slab casting shroud respectively) and analysis are presented in the following sections. Figure 1 , reproduced from a recent study, 9) depicts a schematic of molten steel transfer from a ladle to a tundish via a shroud. This appears to suggest that many discrete gas bubbles form inside a shroud to result predominantly in a bubbly liquid flow with, more or less, uni-size bubbles distributed over the entire length of the immersed shroud. Based on such and an assumption that gas voidage in shroud is typically low, around 10% or so, a discrete phase modelling (DPM) approach has been developed by the authors 9) to mathematically model two phase flow phenomena in the combined shroud-tundish geometry. Similar philosophy was advanced by other group of researchers [6] [7] [8] as well. Shroud dimensions and operating parameters (viz., argon and steel flow rates) in several special and integrated steel mills are summarised in Table 1 /s (or, 2 to 90 LPM). These suggest that gas to liquid flow rate ratios, Q Q g l , in practice, vary considerably from 0.02 to 0.33 (see Table 1 ). Given the liquid and gas flow rates (Q l and Q g respectively; the latter corrected to mean operating temperature and pressure), average gas voidage, α, in a shroud, at steady state, can be readily calculated from: These are included in Table 1 and show that gas volume fraction in industrial shrouds are expected to be significantly more, up to 25% or so, much more than those anticipated earlier.
Present Work
6,7,9) Generalization of a low gas voidage in ladle shrouds i.e., below 10%, at all gas and liquid flow rates, is therefore not valid.
To investigate the characteristics of gas-liquid flows in ladle shrouds, physical modelling has been carried out with full scale PERSPEX models of bloom and slab casting shroud systems. These replicate geometrical features as well as operating conditions of two different shroud systems (e.g., Plants A and F respectively) closely, as presented in Table 1 . Each of these were fitted with a single gas injection port to deliver gas inside shroud, immediately above the collector plate nozzle (see later, Fig. 3(a) ). Details of these are available elsewhere 12) and consequently, not reproduced here. Visual observation of flows were carried out in the two shroud systems as a function of gas and liquid flow rates for the entire range of gas-liquid loading ratios practiced in the industry (see Table 1 ). It is observed that gas-liquid mixing ensues immediately below the collector plate nozzle, at very low gas flow rates and loading ratios (viz.,
resulting predominantly in a bubbly liquid flow throughout the length of an immersed shroud. However, as the gas flow rate (or, the gas loading ratio) is increased, a free liquid jet appears immediately below the collector plate nozzle and the length of the free jet increases progressively with the increase of gas flow, collapsing ultimately into an intensely stirred, gas-liquid mixture, at some distance below the collector plate nozzle. These are illustrated with photographs and corresponding schematics in Fig. 2 . Gas-liquid loading ratios up to which bubbly flows are found to be prevalent in ladle shrouds (see Fig. 2(a) ) are summarized in Table 2 .
It is important to note here that while Reynolds and Froude similarities were ensured in full scale models, Weber number similarity could not be established due to differences between the interfacial tensions of air-water and argon -steel systems. This is of concern since gas -liquid flow phenomena in ladle shroud, described above, is likely to depend on surface tension forces. Indeed, recent VOF simulation by the authors confirms some dependence of flow phenomena on surface tension forces in shroud systems, albeit not to an appreciable extent (~10% or less).
Results and discussion presented above, therefore suggest that assumption of a bubbly flow in a ladle shroud is tenable at very low gas flow rates (or, at low gas loading ratios) that result in small gas volume fractions, much lower than 10% 6,7,9) (e.g., Table 2 ). Evidently, bubbly flow assumption Table 2 . A summary of experimental observations illustrating the threshold of gas to liquid flow rates at which bubbly liquid flow is found to prevail in ladle shroud.
Key geometrical parameters of ladle shrouds
Liquid flow rate, LPM Maximum gas flow rate at which bubbly liquid flow is seen over 95% of shroud length, LPM and DPM based calculation procedure are largely inadequate to address two phase flow phenomena in ladle shroud systems. These at best, hold good for limiting gas flow rate operations, with gas to liquid flow rate ratio contained within 5% or so. An alternative and physically reasonable modelling approach is therefore needed for appropriate simulation of argon-steel flows in ladle shroud over the range of gas and liquid flow rates of interest.
In many recent physical and mathematical modelling studies, considerably simplified shroud geometry has been applied. To illustrate this better, schematic of a frequently employed design of a ladle shroud and the latter's mounting on a collector plate nozzle are shown in Fig. 3(a) . There, as seen, shrouding gas is introduced above the collector plate nozzle such that direct impingement of the incoming gas jet on the downwardly flowing liquid stream is avoided. Rarely however, have such features been integrated in physical and mathematical modelling studies. For example, ladle shroud system conceptualized in one of the studies 7) is shown in Fig. 3(b) . This bears practically no similarity with the actual shroud system, shown in Fig. 3(a) . To assess this further, one of the model shrouds was modified such that gas could be introduced horizontally, below the collector plate nozzle, to impinge directly on to the falling, liquid stream. This, in contrast to perfect shroud geometry, produced an unstable, oscillating free liquid jet, particularly at relatively high gas loading ratios. As a result, significant wetting of shroud's internal surface by the free jet results, which is rarely witnessed in the actual shroud geometry. Typically, a smooth jet of liquid, extending well below the collector plate nozzle, is generally observed in geometrically similar models of ladle shrouds.
As a final point, VOF (volume of fluid) and multi-fluid VOF models can realistically predict two-phase flow phenomena in ladle shrouds. 13) As sample illustrations, volume fraction distributions of air and water, at steady state, for the two physically distinct gas injection configurations (no impingement on liquid vs. direct impingement), are illustrated in Figs. 4(a) and 4(b) respectively. Although detail discussion of this is beyond the scope of present work, it is important to mention that such computational results corroborate reported physical model observations reasonably well.
Conclusions
In industrial ladle shrouds, gas voidage is appreciable, vary between 2 to 25% and bubbly liquid flow prevails only at very low gas to liquid flow rate ratios, typically less than 5% or so. Therefore, discrete phase modeling (DPM) is largely inadequate to realistically simulate two-phase flow phenomena in ladle shrouds across the range of flow rate of interest. For meaningful outcome, incorporation of exact shroud geometry and gas injection arrangements in physical and mathematical model investigation is essential. 
